The accuracy of 476 oxygen flowmeters was investigated using a thermal mass flowmeter in eight hospitals in France and Belgium. Different oxygen flow rates (2 to 15 l/min) were evaluated at the patient's bed. When the sample was considered as a whole, the accuracy of delivered flow was acceptable but precision was poor. The variability of the delivered flow between devices was greater when a low flow rate was required. Compensated-pressure oxygen flowmeters for these low rates were more accurate than their non-compensated counterparts. This study emphasizes the need to individually adapt the oxygen flow rate each time a patient has to move from one flowmeter to another.
Introduction
Oxygen is commonly delivered in both chronic and acute patient care. In 2008, 18% of hospitalized patients in Great Britain received oxygen on a daily basis [1] . The appropriate oxygen flow rate varies widely from one situation to the other. Patients with severely altered blood gas exchange may need a high inspiratory concentration of oxygen. In these situations, a Non Rebreather Mask (or reservoir mask) is typically used and requires oxygen flow rates as high as 12 to 15 l/min [2] . For other patients, an oxygen flow rate between 2 to 10 l/min by nasal prongs or simple mask is generally sufficient to ensure appropriate oxygenation [2] .
Oxygen therapy can however be deleterious. Its concomitant use with bleomycin [3] or paraquat (1,1 dimethyl 4,4' bipyridylium) may cause irreversible pulmonary fibrosis leading to death [4] . High inspiratory oxygen fractions are associated with retrolental fibroplasia in premature infants [5] or atelectasis by oxygen denitrogenation [6] . Recently, some authors have also demonstrated that hyperoxia could induce potentially harmful cerebral and myocardial vasoconstriction in ischemic diseases [7] . A reasonable target for oxygen therapy is therefore to reach a saturation of hemoglobin (SpO 2 ) between 94 and 98% [2] . For patients with chronic obstructive pulmonary disease or patients with atelectasis by oxygen denitrogenation, the risk of respiratory acidosis is increased when oxygen is generously delivered. To avoid this acidosis, SpO 2 must be kept between 88% and 92%. However, when an arterial blood gas analyzer is available, this range can be extended to 94% -98% and the oxygen flow rate is then adapted according to the evolution of arterial pressure of CO 2 [2] . It is estimated that 2000 -4000 deaths could be avoided each year in Britain if the oxygen flow rate was more appropriate [1] . The accuracy of oxygen flow delivery system is therefore important. Oxygen supply is mostly controlled by rotameters (Thorpe Tube − Oxygen Flowmeter = TT). The flow rates commonly delivered by these devices range from 0 to 15 l/min, but other ranges are available (from 0 -1.5 l/min to 0 -70 l/min). Several types of TT exist based on different physical approaches: whether pressure is compensated or not, or pre-calibrated orifices or electromagnetic valves. These devices are simple but fragile. Their operation becomes inaccurate when exposed to static electricity or a magnetic field, secondary to a mechanical shock or a lack of verticality, but also with changes in atmospheric pressure or room temperature (depending on the model).
Davidson et al. [8] emphasize in their study that when ICU patients are being transferred to other wards, the patient's SpO 2 was sometimes reduced while the O 2 flow was not changed. According to these authors, the TT imprecision was a common cause of this altered SpO 2 . In Europe, the accuracy of flow measurement devices for connection to the wall outlet distribution systems of medical gases is governed by the ISO 15002 standards. Following this standard, the oxygen flow rate should not deviate from the nominal value by more than 0.5 l/min when the flow rate is below 5 l/min, and by more than 10% above this threshold. The conditions in which the flow rate has to be evaluated are well standardized: temperature of 23˚C (± 2˚C) and atmospheric pressure of 1013 hPa. In North America, the requirement standards set by the CGA (Compressed Gas Association) are applied. These standards specify an allowable error of 10% around the nominal value. Few studies have attempted to assess the accuracy of TT in actual conditions of use. A previous study showed that the inaccuracy of TT varies from 10% to 40% of the desired value [9] . Therefore, the aim of our study was to evaluate the accuracy of wall-mounted oxygen flowmeter in actual conditions of use.
Material and Methods
This field study was conducted in 8 hospitals (number of beds > 250). Thorpe Tube oxygen flowmeters (TT) (range: 0 to 15 l/min) were studied in units for adults where oxygen is frequently delivered (intensive care, emergency unit, respiratory unit, cardiology, surgery) [1] . The evaluated TT was those used routinely in these services and allocated to the next patient requiring oxygen therapy. Firstly, the pressure in the local pipeline was checked. The TT was then plugged into the wall outlet of an unoccupied room and positioned vertically as a nurse might have done. Different gas flow rates were evaluated (2 to 15 l/min) in a random order. The flow rate was set by aligning the center of the float ball with the indicator line of the suitable flow rate (nominal value) [10] . Each flow was measured twice and averaged for each TT. All settings and measurements were made by the same person. Particular attention was given to avoid parallax errors. Oxygen flows were measured using a calibrated thermal mass flowmeter (Red Y Compact™ GCM-0 to 20 l/min-VÖGTLIN Instrument-Switzerland, accuracy 1% of full scale, or ±0.2 l/min; digital display). This device is highly accurate and has the advantage of providing a measurement which is independent of the temperature and atmospheric pressure. Flow measurement is based on heat transfer between thermistors. This heat transfer depends on the mass of gas moving between these elements. When the device is crossed by a flow, the heated upstream thermistor cools and the downstream thermistor heats. The difference in heat gives information about the molecule amount moving through the system. Volume and flow rate are then calculated using this difference and transit time. The oxygen flow was measured after stabilization of the reading for 5 seconds. Different types of TT were encountered during our evaluations. They were classified into two groups according to whether they were pressure compensated (PCTT: Timeter™, Caudalimeter™, RTM3™, RTM2™, Taema™) or not (NPCTT: Non-Pressure Compensated Thorpe Tube).
Statistical Analysis
The flow values obtained were expressed in percent of the nominal value (% NV). For each flow, the minimum, maximum, percentiles 25, 50 and 75, range and inter-quartile range (IQR) were calculated for the whole group and for subgroups based on the device pressure compensation. IQR was the difference between the 25th and 75th percentiles. The range was the difference between the maximum and minimum values. Error on the flow is the difference between the actual flow rate and the nominal flow rate in percentage. Mean values are expressed with their standard deviation. Flow rates from 2 to 5, 6 to 10 and 11 to 15 l/min were considered respectively as low, medium and high flow rates.
The data were then compared using ANOVA on ranks test for repeated measures followed by Dunnett's test when a statistically significant difference was detected.
Results
476 oxygen flowmeters were analyzed in 8 hospitals (3 in France, 5 in Belgium) leading to a total of 13,328 measurements and 12 different brands of TT were encountered ( Table 1 ). In both France and Belgium, the pressure compensated TT represented the majority of rotameters (70% and 66%, respectively).
On average, the delivered flow rate corresponded to the nominal value (NV) with a median value ranging from 94% to 100% NV depending on the flow rate considered. However, data were widely dispersed around the nominal value with a lowest value of 48% NV and a maximum value of 185% NV leading to ranges of up to more than 100% NV. Data are reported separately for PCTT and NPCTT subgroups on Figure 1 and Table 2 . In absolute terms, the dispersion of flow rate around the median value increased from 2.75 l/min for a required flow rate of 2 l/min to 11.2 l/min when the flow rate was set at 15 l/min. In percentage terms, the range was particularly wide at low flow rate (2 to 4 l/min) either by underestimating or overestimating the true flow rate. This dispersion at low flow rate (a range of 48% -185% NV at 2 l/min) was significantly wider than those observed for the other flow rates. These observations were not, in fact, exceptions. Indeed, when we considered interquartile values, the same wide dispersion was observed (30% VN for 2 l/min to 15% VN for 15 l/min). This implied that half the devices were outside this range and resulted in a mean error on the flow of 18% ± 5% NV. Error on the flow was present at low, medium and high flow rates. From one flow rate to the other, 31% ± 9% of the devices were out of tolerable range when the ISO 15002 norm was considered. The figures were better at low flow rate because of an invariable 0.5 l/min tolerance below 5 l/min ( Table 3) . This constant tolerance at low flow rate is not present in the CGA guidelines and the difference disappeared when this norm was used. On average, 35% ± 7% of the flowmeters were then considered as inaccurate. When PCTT were compared to NPCTT, no statistically-significant difference was observed in the median or range values. An intolerable inaccuracy was however more frequent in the NPCTT group. The percentage of device outside the acceptable range following the ISO 15002 and the CGA are shown in Table 3 . At low flow rates, the PCTT performed better than the NPCTT and the inverse was true at high flow rates (p < 0.05).
Discussion
When the flowmeter leaves the factory, its accuracy in standard conditions is guaranteed by the manufacturer. Percentile 25  95%  92%  93%  92%  93%  94%  95%  94%  95%  94%  94%  94%  95%  94%   Minimum  48%  50%  56%  59%  63%  65%  64%  66%  67%  67%  67%  65%  64%  67%   IQR  33%  25%  19%  17%  17%  15%  13%  13%  11%  12%  12%  13%  10%  13%   Range  138% 108% 88%  83%  73%  69%  68%  64%  61%  66%  64%  69%  70%  72%   Table 3 . Proportion of Thorpe tube out of standard limits.
Standard
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Oxygen flow rate (l/min) With time and usage, its precision can become altered and the accuracy of the flow delivered in a hospital environment can differ from its original value. This study is the first large multi-centric study evaluating the accuracy of wall-mounted oxygen flowmeters in common conditions of use. Evaluation of malpractice was not the objective of the present study and the method used to adjust flow rate was strictly in accordance with the manufacturer's instructions. Our analysis shows that, on average, delivered oxygen flows are close to desired oxygen flow (nominal value). At first sight, this appears satisfactory. However, the oxygen flow rate dispersion around the median value is very large and the flow rate actually delivered can therefore differ hugely from the one desired (from half to nearly twice the suitable flow rate). These results obtained in a European setting confirm the results from a Brazilian study with South American-brand oxygen flowmeters [8] . Based on international standards, a significant error in the delivered flow is so frequently observed that nearly 33% ± 8% of oxygen flowmeters should be removed from use. The inaccuracy of oxygen flowmeters might raise concerns any time the device has to be changed. This is the case, for instance, when a patient has to move from one hospital department to another, or when a flow rate determined at hospital has to be applied at home. The absence of reproducibility between devices can lead to a variation in the oxygen flow actually delivered and to the over-or under-oxygenation of patients. Long-term oxygen therapy at home has shown its ability to correct hemodynamics in hypoxic COPD patients and to improve their chances of survival [11] . However, it has also been shown that an inadequate oxygen supply was ineffective in increasing the life expectancy in these patients [11] . Either in acute hospital and chronic at-home oxygen therapy, this under-oxygenation problem can easily be addressed by checking the transcutaneous saturation each time a new device is used and by adapting the required flow rate to the new situation. At the opposite end, over-oxygenation is more problematic because some COPD patients and patients with obesity hypoventilation syndrome develop a hypercapnic decompensation with respiratory acidosis when an excessive oxygen flow is delivered and this even when transcutaneous saturation initially reaches the target value. It is therefore important to have accurate and reliable devices available, especially when blood gas analysis is not directly accessible.
Finally, inappropriate flow can cause logistical problems. This supply problem can be critical during transport outside the hospital or when oxygen therapy is used to increase mobility and ambulation time.
In conclusion, these results confirm the limited accuracy of wall-mounted oxygen flowmeters when studied in an actual hospital setting. This could lead to inappropriate oxygenation particularly at low flow rate. An adaptation of the required flow rate is therefore mandatory after each change of device. Furthermore, a periodic assessment of flowmeters should be recommended in order to discard the more deviant devices. As in pressure compensated Thorpe Tube the control valve is located downstream of the reading tube, the flow is operated at a pressure equal to that of the pipeline. These apparatuses are therefore less sensitive to environmental conditions. At low flow rate, we observed a better accuracy for these devices.
